A beam splitter is the simplest and clearest example of a coupling device with which quantum limited measurements can be performed. The limitations due to the vacuum fluctuations entering the usually unused port are circumvented by injection of a 3.7 dB squeezed wave into this port. Thereby phasesensitive measurements that satisfy the quantum nondemolition criteria are realized (signal transfer T s 1 T m 1.29, 32% correlation). The dependences of the signal transfer and correlation on beam splitter transmissivity are measured and found to be in quantitative agreement with a calculation that takes into account various inefficiencies. Continuous stable operation for 36 hours is achieved.
In 1980, Shapiro [1] proposed to improve the performance of a waveguide coupler or equivalently a beam splitter when squeezed light is injected into the usually unused second input port. The potential to extract optical information with high signal-to-noise ratio (SNR) even for a high-transmission beam splitter sparked intense research on squeezed light.
A beam splitter couples an information carrying signal wave to a meter wave. The fidelity of the information transfer to both output waves is limited by the quantum fluctuations of the meter input wave, which add noise to both output waves. Therefore the performance of the system can be substantially increased by substituting the usually incident vacuum field carrying standard quantum noise with a squeezed meter input wave.
This conceptually simple system sets a reference [2] for the characterization of quantum nondemolition (QND) measurements [3] , which seek to measure precisely one observable without disturbing it. In the absence of squeezed light input, the beam splitter obeys the quantum restrictions for phase insensitive measurements, while it operates as an ideal QND device for perfectly squeezed light and infinitesimal coupling.
Thus, the squeezed light beam splitter provides a connection between the fields of nonclassical light and QND measurements. During the last decade, squeezed light was successfully applied to demonstrate reduced noise in interferometry, spectroscopy, and parametric amplification [4] . QND measurements were demonstrated using optical x ͑3͒ nonlinearities in fibers and atomic sodium, as well as x ͑2͒ coupling in crystals [5] . Levenson et al. [6] implemented a quantum measurement device related to the squeezed light beam splitter: A quantum optical cloning amplifier based on a pulsed type-II parametric amplifier. Recently, repeated QND measurements were performed both for pulsed [7] and continuous-wave [8] operation.
A characteristic of the squeezed light beam splitter compared to previous implementations of QND measurements is that the meter-signal coupling device, the beam splitter, is phase insensitive, and QND operation relies on a phasedependent, squeezed meter input state. Compared to the quantum optical cloning amplifier the squeezed light beam splitter directly mixes squeezed light with the signal input wave without first amplifying the signal input [5] . For applications it may be advantageous that the signal beam does not traverse a nonlinear device.
To date, however, Shapiro's fundamental measurement scheme has not been realized or tested. In this Letter, we describe its implementation and demonstrate QND properties such as output correlation and nonclassical information transfer.
Theory.-Our QND scheme seeks to measure the amplitude quadrature X 
A QND device must achieve both good signal preservation and high measurement precision [2] . Simply stated, this is achieved for R ഠ p V m and strong squeezing, V m ! 0. Then X in s is transferred to X out s almost unchanged (nondemolition property), while the information of X in s is dominant in X out m , allowing high measurement precision when X out m is detected. These properties are quantified by the signal and meter transfer coefficients T s and T m , defined as the fraction of signal input SNR transferred to the respective output wave. Phase-insensitive measurements of a coherent signal input, e.g., using a beam splitter with vacuum meter and coherent signal input, are limited by T s 1 T m # 1. Only phasesensitive measurements, such as QND measurements, can exceed this limit. For the beam splitter one obtains [2] T s
where V s ϵ Var X in s denotes the quantum noise level of the signal input relative to the standard quantum noise. Maximum nonclassical signal transfer is obtained for T 50%, where
A clear improvement of the signal transfer properties beyond the classical limit of 1 can thus be achieved for a squeezed meter input.
Naturally, the output waves are both squeezed in this case. Their variances V out s,m arise from a weighted sum of the input noises,
In addition, this system exhibits a correlation coefficient C sm between the two output beam amplitude quadratures,
A correlation occurs when the input noises differ; this can be a classical correlation due to excess noise on the signal input V s . 1, or a quantum correlation if the meter input is squeezed, V m , 1. The correlation is maximum at T 50%, irrespective of V m ͞V s . Closely connected to the correlation is the ability for quantum state preparation (QSP), a necessary and independent property of QND measurements. It is measured by the conditional variance V sjm , which is the remaining quantum variance of the signal output observable, given the information furnished by reading out the meter,
The QSP condition V sjm , 1 can be realized only by using phase-sensitive devices. The improved knowledge of the signal output allows precision measurements beyond the standard quantum limit. (500 mW, 1064 nm) acts as the primary light source of the experiment. A small fraction of its output power (P s 1.0 mW) provides the signal wave. Mixing with the squeezed meter occurs at the variable transmission beam splitter. It consists of an input polarizer that superimposes the orthogonally polarized input beams, a rotatable half-wave plate, and an output polarizer. The mode match between the beams is M 84%, measured by the interference contrast.
The squeezed meter wave is generated by a standingwave optical parametric amplifier (OPA) pumped by a 190 mW second-harmonic wave of the Nd:YAG laser [9] . Rather than generating a squeezed vacuum meter wave, we have found it advantageous to work with low power amplitude-squeezed light, by injection seeding the OPA with a 1064 nm wave. The squeezed output beam (P m 18 mW) exhibits a quantum noise reduction of V s 23.7 6 0.3 dB, constant over many hours of operation. Injection seeding allows reliable locking of (i) the OPA cavity length to the laser frequency, (ii) the pump wave phase for amplitude squeezing, and (iii) the relative phase of the signal and meter input. Indeed, nonclassical operation of the beam splitter requires that the signal input amplitude be coupled to the squeezed quadrature of the meter input; see Eq. (1). This condition is enforced by a servo loop driving the actuator PZT1 that maximizes the optical power of one of the two output waves.
The complete characterization of the quantum properties of the device requires the measurement of the variances of the output beams V s,m , their correlation C sm , and the transfer coefficients T s and T m . To this end three balanced self-homodyning detectors (without local oscillator) are used, one (HD1) for the characterization of the signal input, the other two (HD2, HD3) for the output beams. The homodyne detectors employ highly efficient InGaAs photodiodes (ETX 500T) and exhibit total detection efficiencies h s h m 0.96. Each detector generates a sum current proportional to the amplitude fluctuations of the detected beam, i 2,3 ϳ X out s,m , and a difference current i 2 as a calibrated reference for the shot noise level. The quantum noises V ͗i͑V͒ 2 ͗͘͞i 2 ͑V͒ 2 ͘ of each channel are measured at V 10.5 MHz. At this frequency we avoid technical laser noise which causes increased transfer coefficients and correlation, and we still operate within the bandwidth of the squeezing (28 MHz).
For the measurement of the transfer coefficients an amplitude modulation at V 0 11.0 MHz is imparted to the signal input wave. The resulting signal-to-noise ratios ͗i͑V 0 ͒ 2 ͗͘͞i͑V͒ 2 ͘ are measured. All signals are recorded by spectrum analyzers (HP 8591A, detection bandwidth 100 kHz, zero span time 0.5 s) and evaluated by a computer [10] .
Results.- Figure 2 shows the results of the squeezing measurements as the beam splitter transmission T is varied. With increasing contribution of the squeezed meter input beam to either output beam, their quantum noise is For a quantitative description of the measurements not only the imperfect detection efficiencies h s and h m for the signal and meter waves, but also the finite mode match M between the signal and meter input waves, their respective powers P s and P m and the signal input excess noise V s . 1 (due to technical laser noise) are of importance. For each transverse mode the mean field acts as a local oscillator in the detection process. The pronounced peak in V out s near T 2% is a striking feature introduced by the imperfect mode match. Destructive interference in the mode matched part occurs, leaving the small nonmode matched part with quantum noise close to the coherent state level. This effect disappears in the limit of perfect mode match, M 1. The measured data are well described by the following theoretical result for the detected squeezing (full lines) [10(a)]:
where N s is the relative noise power of the signal output
Here, A ϵ 6 p P m ͞P s [11] . The expressions for the meter output beam are obtained by R $ T , h s $ h m , and A ! 2A.
We now turn to the quantum correlation C sm ͑V͒, which is the correlation c of the photocurrent fluctuations corrected for detection system noise. To this end the noise power of a variably attenuated combination of the HD2 and HD3 sum currents normalized to the HD3 noise power ͗ji 3 2 bi 2 j 2 ͗͘͞ji 3 j 2 ͘ is minimized as a function of the gain͞attenuation b. The minimum value is just 1 2 c 2 1 2 ͗ji 2 i 3 j͘ 2 ͗͞ji 2 j 2 ͗͘ji 3 j 2 ͘. Figure 3 shows the optical correlation C sm . Since the input wave is verified not to carry significant excess noise, the measured optical correlation is essentially a quantum correlation: The two output waves are twin beams [12] . In an intuitive picture, this occurs because the squeezed wave contains photon pairs, which are separated by the beam splitter to form correlated outputs. The maximum is shifted slightly from T 50% due to the finite mode match M , 1. This is well described by the full expression for the correlation
Combining the results of Figs. 2 and 3 , we find that there is a wide regime of operation where both beams are individually squeezed twin beams. Such beams were only recently generated for the first time [13] .
The measured correlation and output (quantum) noise levels imply, using Eq. (5), that the beam splitter exhibits quantum state preparation ability for either output beam. The best performance is achieved near T 1, where V mjs 22.8 dB. Figure 4 summarizes the measurements of the transfer coefficients. In a first run, T s and T m are obtained with the squeezed beam blocked, so that the meter input wave is in the vacuum state (small symbols). As expected, in this case T s Ӎ T and T m Ӎ R are essentially equal to the fraction of signal input power transferred to the respective output, and the sum T s 1 T m is close to the phaseinsensitive limit of 1.
When the squeezed meter is incident on the beam splitter, the transfer coefficients increase, providing 
and similarly for is reduced by 0.6% due to nonvanishing meter power (A 0.14), by 8.1% because of imperfect mode match, and by 6.7% due to imperfect detection efficiencies. These reductions are compensated in part by a 3.3% increase due to technical amplitude noise on the signal input, which has an analogous effect to noise suppression on the meter input.
Besides the simplicity of the system, it presents a significant advantage in terms of sensitivity to losses as compared to other single-mode QND schemes [10] . For the present system, deviations from perfect operation, T s 1 T m 2 and V sjm 0, scale linearly with the meter variance V m . They are thus proportional to the loss in the squeezing OPA, rather than to the square root of the loss. The limitations of the present implementation arise mainly from the meter squeezing level: Using available 6 dB squeezed light [14] could lead to T s 1 T m 1.6 and C sm 60%.
Shapiro's squeezed light beam splitter was originally proposed for application in optical telecommunications. Thus, the question arises as to how well an information transmission chain composed of a large number of such taps would perform. As the output signal beam is squeezed at each tap, an increasingly higher meter input squeezing is required for each subsequent tap to obtain equally good performance as the first system. If this is not available, and all beam splitters are provided with identical meter input squeezing, the sum of all transfer coefficients from the input to all outputs along the chain is limited by V s ͞V m . It can be shown [10(a)] that this holds for optical information distribution systems of arbitrary topology. Thus, in a large, lossless system using e.g., 6 dB of squeezing, four times as many users can be supplied with information of the same SNR as by using classical taps.
In conclusion, we have performed quantum measurements with a squeezed light beam splitter. Necessary criteria for QND measurements were verified, i.e., operation as a quantum optical tap and as a quantum state preparator. Although the device exhibits a nonunity signal gain, this could be compensated by phase-sensitive amplification. Quantitative agreement between theory and experiment was shown. The device is highly reliable, and stable continuous operation for 36 hours has been achieved.
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